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INTRODUCTION
In modern world, the main aim of material development is to meet the requirement of properties for industrial applications. Aluminium Metal Matrix Composites (AMMCs) are one such material to provide combination of properties such as high strength, high stiffness, higher thermal conductivity, higher young's modulus and better tribological properties over unreinforced alloys. These AMMCs are mostly used in applications such as automobile, marine and aerospace industries [1, 2] . Further attempts have been made to improve the mechanical and tribological properties of AMMCs by introducing new concepts called Functionally Graded Material (FGM). FGM is a new class of an advanced material which consists of two or more phases with continuous changes in composition and/or microstructure across the dimension and result of this variation causes a property change in the material [3] . The functionally graded AMMCs are RESEARCH increased its potential towards the application in the field of wear and tear [4] .
FGM has been grouped into many categories such as liquid phase technique, solid phase technique and vapour phase technique. For Al based alloys, liquid phase centrifugal casting is one of the most economical and effective methods for fabrication of FGM composites [5, 6] . Aluminium matrix composite reinforced with Mg2Si fabricated by centrifugal casting have been studied and results showed that the outer region of cylindrical casting has more Mg2Si particles than the inner region due to density difference between the matrix and reinforcement particles [7] . Al-Mg/in-situ AlB2 composite fabricated by centrifugal casting is investigated and observed higher in-situ AlB2 particle concentration towards outer region of the composite which results in higher hardness [8] . Al/Al-Cu FGM fabricated by powder metallurgy technique have been investigated and found continuous change in composition and hardness property along their graded direction due to diffusional effect [9] . Two body abrasive wear behavior of Al 1100 composites reinforced by varying the composition, e.g. vol.% (5, 10 and 20) of SiC are studied and found that abrasive wear resistance of composites increases with increase in vol.% of SiC particles [10] . The abrasive wear mechanism on Al AA6061 matrix reinforced with varying wt.% (5, 10 and 15) of SiC produced by powder metallurgy method is analysed. It is found that at low speed, abrasive wear rate is dominated whereas at high speed, delamination is the dominant wear mechanism [11] .
The effect of particle size on abrasive wear behavior of Al 2024/10wt.% B4C composite has been studied and results reveals that the smaller particles (29 µm) has higher abrasive wear resistance if compared to larger particles (71 µm) [12] . Effect of both electroless copper coated and uncoated basalt short fiber in Al 7075 MMC have been investigated and composite with copper coated reinforcement particles shows improved mechanical properties [13] . Two body abrasive wear behavior of Al 6061/Ni-P coated Si3N4 composite have been studied and result shows that composites with coated reinforcement particles have better wear resistanceif compared to uncoated reinforcement particles [14] . Two body abrasive wear behavior of Al 6063 composites reinforced with varying wt.% (5 and 10) of TiB2 have been studied and observed that, wear resistance of the composites effectively increases with TiB2 particles [15] . Two body abrasive wear behavior of both Al/10wt.% sillimanite composite and unreinforced aluminium alloy is investigated and found that sillimanite composite has superior wear resistance than aluminium alloy [16] .
The effect of different parameters on wear behavior of the materials is effectively analyzed by Taguchi technique. The best process design parameters are analyzed by signal-to-noise (S/N) and analysis of variance (ANOVA). Taguchi creates standard orthogonal array data to accommodate several factors on the targeted value and defines the plan of experiment [17, 18] . Analysis of wear behavior and optimization of parameters of Al 2025 reinforced with 3wt.% Al2O3, 3wt.% graphite and 1wt.% B4C hybrid MMCs have been investigated using Taguchi technique. Result reveals the applied load as the most influencing parameter on the wear rate followed by the sliding distance [19] .Two body abrasive wear behavior of Al 2124/10wt.% SiC composite is analyzed and abrasive size exerts greater impact on wear rate followed by the applied load and sliding distance [20] . The effect of applied load and sliding distance on abrasive wear behaviour of A 356 Al composite reinforced with 1.8 vol.% Al2O3 (size-100 µm) particle fabricated by compo casting is analysed. Result revealed that wear rate increases with both applied load and sliding distance [21] .An artificial neural network (ANN) is also an optimization technique used to predict tribological properties. The wear behavior of A356 Al alloy with varying vol.% (0, 5, 10 and 15) of B4C particle is investigated by using this technique and found reasonable correletation between experimental and predicted values [22, 23] .
From the literature review it is observed that AMMCs reinforced with Ni coated SiC composite has not fully been explored. Hence, the present aim of this research work is to fabricate LM21 aluminium composite reinforced with Ni coated SiC by centrifugal casting method and to investigate its three body abrasive wear characteristics using Taguchi's Design of Experiment (DOE). The fabricated FGM with improved wear properties can be suggested for suitable automotive applications.
MATERIAL SELECTION
LM21 aluminium alloy is chosen as the matrix material due to their properties such as excellent casting characteristics, better machinability and higher proof strength. The elemental composition of Al LM 21 alloy is shown in Table 1 . Silicon Carbide (SiC)(10 wt%) with particle size of 33 µm is chosen as reinforcement particle and this has properties such as good wettability due to lesser contact angle with Al matrix, higher hardness and higher load bearing ability. SiC is also used as abrasives and cutting tools in industrial application. In this work, Ni is coated over SiC particles and the coating was produced by electroless coating process. The purpose of coating Ni over SiC particles is to enhance the wettability between the matrix and SiC and also to attain better bonding characteristics. This process is done by the sequence of sensitizing, activation, metallization, rinsing and drying stages. The important coating parameters considered during coating Ni on SiC reinforcements are the concentrations of sodium hypophosphite (10 g), sodium citrate (100 g), nickel chloride (50 g), ammonium chloride (50 g), bath temperature (75 ᵒC) and bath pH (8) .The energy dispersive X-ray spectroscopy is performed in the Ni coated SiC particles, as a confirmatory test for observing the presence of Ni over SiC. As observed from the The SEM image of Ni coated SiC particle is shown in Fig. 2 , where it can be seen proper coating of Ni content over SiC particles and also inferred that Ni content has good bonding characteristics with SiC particles.
FABRICATION OF COMPOSITE
The Al LM21/10 wt.% Ni coated SiC composite is fabricated by stir casting technique followed by centrifugal casting. The aluminium ingot is cut into small solid pieces and kept inside the resistance type electric furnace ( Fig. 3a) through graphite crucible. The melting of aluminium alloy occurs at a temperature between 660 to 720 °C. This melting process is carried out under argon gas atmosphere to prevent unwanted chemical reactions. After getting complete molten state, the preheated (300 °C) Ni coated SiC reinforcement particles are gradually added to the melt and stirring is carried out at a speed of 300 rpm for 5 minutes. Then the molten mixture is carefully taken out from the furnace and poured into the horizontal centrifugal mould (Fig. 3b) which is rotated at 1000 rpm. Before pouring, the centrifugal mold is preheated at 350 °C to prevent the occurrence of temperature gradients which may cause defects during solidification. During rotation of the mould, the centrifugal force is created which distributes the reinforcement particles acrossthe matrix in radial direction. The centrifugal mould is rotated till to get complete solidification of the molten metal. Finally, casting is removed from the centrifugal die through ejector and hollow cast component is obtained with the dimensions of Øout150 mm x Øin135 mm x 160 mm (Fig. 3c) . 
ABRASIVE WEAR TEST
The abrasive wear test is conducted on the composite using dry abrasion tester (Fig. 4a) . This test has been carried out (~30 °C temperature, 22 % humidity) according to standard ASTM G65.The rectangular test specimen is machined (1.4 Ra surface roughness) from fabricated composite with the dimensions of 75x25x12 mm. The composite specimen before and after wear test is shown in Fig. 4b . The silica sand particles ( The specimen is mounted on the specimen holder. The silica sand flows between the rotating wheel and the test specimen at the flow rate of 354 g/min. The wheel is made up of chlorobutyl rubber (A-60 Durometer hardness and specific gravity of 0.93) material which has the dimension of Ø228 x 13 mm. The specimen is pressed against the rotating rubber wheel with different applied loads where the abrasives are fed continuously between the rubber wheel and the specimen and results in three body abrasive wear. The load is applied on the specimen by means of a lever arm which is located on side of the machine. This test has been carried out along the radial direction of the composite at different radial distances (1, 6 and 11 mm) from outer periphery and also at constant time (5 min) with different rotational speeds (100, 150 and 200 rpm) and different applied loads (29, 34 and 41 N). Fresh contact of specimen with the abrasive material is ensured by dressing the abrasive wheel for before each experiment. After the test, specimen is properly cleaned with acetone, rinsed with water and dried. The wear loss of the specimen is determined by weight loss method. The weight loss of the specimen is measured using an electronic weighing balance which gives up to the accuracy of 0.0001 g. Each experiment is conducted for 3 times and their average value is taken for analysis. The wear rate of the composite is calculated by the following equation (1):
where, W is the wear rate (mm 3 /Nm), ΔM is the mass loss of the specimen (g), ρ is the density (g/mm 3 ), L is the applied load (N) and D is the sliding distance (m).
Taguchi's plan of experiments
Influence of process parameters are analyzed by plan of experiment using Taguchi method. It is used to reduce the number of experiments and is also an effective tool to get high quality products with minimum cost. The best level of quality characteristics with minimum variation is also obtained from Taguchi. Based on the degree of freedom, a L27 orthogonal array is chosen for this investigation (see Table 3 ). According to this condition, the degree of freedom should be equal to or greater than the sum of variables. There are three independent variables such as applied load, rotational speed and radial distance of the casting which are taken into this analysis. The process parameters and their levels are shown in Table 2 . 
RESULTS AND DISCUSSION
The microstructure, abrasive wear behavior, signal-to-noise ratio, analysis of variance, linear regression analysis model and scanning electron microscopy analysis are discussed in the following subsections.
Microstructure of composite
Microstructure of aluminium functionally graded composite observed at outer region (1 mm) using metallurgical microscope is shown in Fig. 5 . The fact that the outer region of aluminium composite has higher reinforcement particles due to the creation of centrifugal force and the density difference between the reinforcements and matrix. This invoke the interest to observe the microstructure only at outer surface of the composite. The microstructure (Fig. 5) reveales that the reinforcement concentration is higher at the outer region of the composite. It is also confirmed that the bonding between reinforcement and matrix is superior due to the coating of Ni over SiC reinforcements. 
Effect of process parameters on wear behavior of composite
The abrasive wear rate (W) of the aluminum composite is calculated as per L27 orthogonal array and the wear experiment results are shown in Table 3 . Figure 6a shows the influence of the applied load on the abrasive wear behaviour of composite and found out that the wear rate of the composite is quite sensitive to the applied load. The applied load is responsible for the amount of abrasion that takes place on the composite surface. At low load conditions of 29 N, the penetration of abrasive sand particles to the composite surface is less due to minimum contact which actually made a free rolling effect between rubber wheel and composite surface. Due to this effect, mild abrasion on the composite surface takes place. As the load increases to 34 N, the contact between abrasives with rubber wheel and composite surface increases which results in higher penetration of abrasive particles to the composite surface. This produces ploughing action (Fig. 7) which results in more removal of the material. When the load turned to 41 N, defragmentation of abrasive particles occurs at the entrance zone between the rubber wheel and composite surface. As a result of crushing, the abrasive particles get converted into smaller sizes and these reduced particles have higher surface area to volume ratio which results in more material removal. The reduced size of sand particles is also embedded over rubber wheel due to buildup of temperature at the interface which causes repetitive abrading action on the composite surface that results in severe delamination [24] . From Fig. 6b , it is evident that the abrasive wear rate of the composite decreases with increase in rotational speed of the rubber wheel. At rotational speed of 100 rpm, the contact time between specimen surface and rubber wheel with sharper abrasive particles are higher. Due to this, the packing density of the abrasive particles in the contact zone is high and results in more amount of material removal on the composite surface. The wear rate of the composite was found to be decreasing as the speed increases from 100 rpm to 150 rpm due to lesser contact time between specimen and abrasives so that embedding of the sand particles to specimen surface also decreases. Also, some abrasive particles slides at the sides of the rubber wheel as it contacts with composite specimen and thereby reduces wear rate. With further increase in rotational speed of the rotating wheel from 150 to 200 rpm, the wear rate of the composite further decreases due to reduction of eroding action of the sand abrasive particles to specimen surface [25] .
From Fig. 6c , it is inferred that the wear rate of the composite increases as a function of the radial distance. At radial distance of 1 mm, minimum wear rate of the composite was observed due to the presence of more volume fraction of reinforcement particles, thus most of the contact is possibly made between reinforcement particles and abrasives and very little amount of contact occurs in the matrix of composite with abrasives. The higher concentration of reinforcement particles at the outer region of the composite is due to the centrifugal force produced during the process which tends to move the high dense particles towards the outer region and the coating of Ni over SiC also enhances wettability.
From the radial distance of 1 to 6 mm, wear rate of the composite is increased due to the presence of lesser volume fraction of reinforcement particles and hence the contact made between the matrix and abrasives. This increase lead to raise more material removal on the composite and a similar trend is observed for the radial distance of 6 to 11 mm.
Signal-to-Noise Ratio and Analysis of Variance analysis
S/N ratio analyses are used to describe the most influencing parameter on the wear rate. For this analysis, the quality characteristic of "smallerthe-better'' is chosen and it gives better result with minimum deviation. The delta value which is shown in Table 4 is used to explicit the difference between maximum and minimum value of mean S/N ratio. The ranking is given to the parameters based on delta value. This analysis is carried out using commercial Minitab software. The S/N ratio is calculated using the following equation (2), S/N ratio = -10*Log (sum (y 2 )/n) (2) where, y-Response of the abrasive wear, n-No. of observations.
Based on the S/N ratio analysis (Table 4) , it is observed that the radial distance had major impact on thewear rate followed by the applied load and rotational speed. The S/N ratio plot (Fig. 8) gives the optimum value of parameters which is used for improving the abrasive wear behavior of the composite. The optimum conditions are the applied load (L = 29 N), rotationalspeed (S=200 rpm) and radial distance (D=1 mm). Analysis of Variance (ANOVA) is used to find out the highest influence of design parameters on thewear rate. The ANOVA is conducted with the help of a general linear model. The combinations of both, qualitative and quantitative variables are analyzed using a general linear model. The ANOVA is performed for aconfidence interval of 95 % and significance level of 5 %. P values which are likely way to describe the most influencing parameters on thewear rateare shown in Table 5 and the parameters having P value less than 0.05, indicates themost statistically significant parameters on thewear rate. From their percentage contribution of each parameter, it is inferred that radial distance (40.59 %) is most influential parameter on thewear rate followed by theappliedload (29.7 %) and rotational speed (14.85 %). As can be seen in Table 5 , interaction between the process parameters have less significant effect on thewear rate. 
Linear regression analysis
The correlations between factors such as applied load, rotational speed and radial distance are obtained by linear regression equation derived using Minitab software.
The regression equation is as follows:
The sign of this equation (3) explains about the wear behavior of the composite. The positive sign denotes increase in wear rate of the composite while negative sign denotes decrease in wear rate of the composite. Based on the regression equation (Eq. 3) it is inferred that the wear rate of the composite increases with applied load and radial distance but decreases with rotational speed. The confirmation experiment is performed with the parameters other than the selected parameters as shown in Table 6 and the error percentage is found to be less than 10 %. Hence needless to say that the developed model has higher efficiency to predict wear rate of the composite.
Scanning electron microscopy analysis
The SEM analysis is conducted on the functionally graded composite in order to observe the dominant wear mechanism during abrasive wear experiments. The effect of radial distance of functionally graded composite is considered for worn surface analysis since this is the most influential parameter on the wear rate. The SEM analyses (Figs. 9a-9c) are carried out at different radial distances (1, 6 and 11 mm) with constant rotational speed (100 rpm) and at constant load (29 N). At a radial distance of 1 mm (Fig. 9a) , minimum wear rate on the composite surface is observed. This is due to the presence of more volume fraction of reinforcement particles which prevents the matrix to contact with abrasives. From Fig. 9b (6 mm radial distance), significant amount of grooves are observed on the worn surface due to increase in contact between abrasives and matrix. As the radial distance turned to 11 mm (Fig. 9c) , severe scratches on the worn surface are observed due to the presence of less volume fraction of reinforcement particles, so the abrasives slide over soft aluminium matrix and removed more material from surface. to determine the effect of applied load on the wear rate at constant rotational speed (100 rpm) and at constant radial distance (11 mm). More grooves and scratches are observed in the Fig. 9d , which indicates that, the wear rate of the composite increases with increase of applied load for the same radial distance and rotational speed. The worn composite surface at optimum condition (L=29 N, S=200 rpm and D=1mm) is shown in Fig.  10 and can be observed that the specimen presents minimum grooves and shallow scratches which concludes lesser wear rate due to higher concentration of reinforcement particles.
CONCLUSIONS
Functionally graded Al LM21 composite reinforced with Ni coated SiC is successfully fabricated by centrifugal casting technique. This composite exhibits higher wear resistance due to the formation of good bonding between aluminium matrix and Ni coated reinforcement particles. The experimental results show that the wear rate increases with respect to applied load and radial distance, whereas it decreases with rotational speed. S/N ratio analysis is used to find out the dominant parameters on the wear rate and it also gives optimum condition of process parameters such as applied load of 29 N, rotational speed of 200 rpm and radial distance of 1 mm in order to achieve minimum wear rate. From the percentage contribution of ANOVA, it is confirmed that the radial distance is a dominant factor followed by the applied load and rotational speed on wear rate of the composite. The regression equation implies that the wear rate of the composite is directly proportional to the radial distance and load but inversely proportional to the rotational speed. SEM analysis shows, delamination, deep grooves and severe scratches are dominating mechanisms on wear rate of the composite. The wear resistance of composite is maximum at particle rich region and minimum at particle less region. Thus, the fabricated functionally graded composite can be used in automotive applications such as cylinder blocks, cylinder liners, pistons and connecting rods, where abrasive wear resistance becomes of major consideration.
